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CW OPERATION OF THE FMIT RFQ ACCELERATOR"

W. U, Cornelius, AT-4, M5 HB2)
Los Alamos National Laboratory, Los Alamos, NM 87545 USA

Summary

Recently, we have achieved reliable cw operation
of the Fusion Materials Irradiation Test (FMIT) radio-
frequency quadrupole (RFQ) accelerator. In addition to
the operational experiences in achieving this status,
some of the modifica ions of the vacuum system, cool-
ing system, and rf structure are discussed. Prelim-
inary beam-characterization results are presented.

Introduction

The FM1T accelerator was designed for the testing
of materials to determine their suitability as first-
wall materials in the high neutron-flux environment of
fusion power reactors. The primary components of the
FMIT system were & 35-MeV, 100-mA cw deuterium 1on
accelerator and a liquid 1ithium target. The develop-
ment program for the prototype accelerator was divided
into two stages. The first stage (2 MeV) involved the
development of an injector and RFQ accelerator with
output characteristics suitable for injecticn into a
drift-tube linear accelerator (DTL). The second stage
involved the addition of a DTL for subsequent accelera-
tion to an energy of 5 Mev.

Background

We are now invnived in the 2-MevV development pro-
gram and have accelerated 20 mA cw of H3 ion beam in
the FMIT RFQ. The RFQ consists of two coupled, coaxial
resonators (Fig. 1). The rf power {s loop coupled into
the outer section, or manifold, which uniformly dis-
tributes this power through the coupling slots into the
inner resonator, or core. Achieving cw rf operation of
the RFQ proved to be the most difficult part of the de-
velopment and involved some modest modification of the
RFQ structure.! Many effects that can be neglected at
Tow duty factor become major considerations in a cw
accelerator.

Fig. 1,

Inttia) deasign of the FRIT RIFQ sccelerator.
i3 loop coupled into the outer section, or manifold, which more uniformly distributes the power into the four quadranty

of the inner resonator, or core.

awork supported by the US Department of Energy.

The RFQ comprises two coujled, coanis) resonators.

Surface outgassing, for example, can be extreme
with the higher surface temperatures of cw structures
(~200°C in some locations in the FMIT RFQ). The design
of the FMIT RFQ prevented high-temperature vacuum bake-
out, so the rf was used to heat the structure. The re-
sulting hydrogen gas load caused high vacuum pressures
(~10’5 torr) and thermal runaway of the fon pumps.

We have found cryopumps to be a good solution for
our system. Not only do they outperform ion pumps with
the same throat diameter, but the extra-large hydroger
capacity of the modern cryopumps provides a reasonahly
long time between regeneration cycles.

Thermal loading of surfaces and thermal stresses
are the major problems when operating in a cw mode.
tven with adequate cooling, the thermal gradients be-
tween the water-cooling charnels and the rf surfaces
can produce surface temperatures in excess of 150°C, as
well as significant thermal stresses caused by differ-
ential expansion. Thermal expansion in the FMIT RFQ
decreases the operating frequency by 170 kHz from start
up to full-power operation. Thermal stresses were di-
recit'v responsible for most of the problems encountered
while attempting to achieve cw rf operation.! We
solved most of these thermal problems by attaching ad-
ditiora) water-cooling 1ines to those structures cooled
only through thermal contact with other directly cooled
regions and by accommodating thermal expansion in other
areas such as the rf joints and end-wall closures.

In addition to thermal stresses and vacuum pumping,
the only other major 1imitation to achieving cw opera-
tion was multipactoring in the manifold.? The initial
d'sassembly of the RFQ in November 1983 revealed two
dark, discolored bands around the structure near each
coupling slot and evidence of multipactoring in other
areas as well. Traditional methods to combat multi-
pactoring have concentrated on coating the rf surfaces
with a thin layer of titanium nitride (TiN) to lower
the secondary-electron emission coefficient below
unity.? In our experjence, the durability of the
surface coatings produced by previous techniques was

The rf power

A 75-keV beam 13 injected (arrow, left 4n the figure) and accelerated to 2 Mev,



poor, as was the 1+ g-term stability of the coating.
However, we were able %o modify this method slightly
and have achieved an extremely durable surface coating
with impressive results.® We have not observed any
substantial evidence of multipactoring after coating
the RFQ surfaces with a thin layer of TiN. There is
also evidence that, as expected,* the outgassing
rate of the copper rf surfaces has been reduced
substantially.

With these modifications and a few other minor
changes,? we were able to achieve full-power cw rf
operation early in August 1984, and accelerated the
first cw beam *hat same day. Except for a brief shut-
down during November to eliminate the last thermal
problem in the RFQ,* we have had few problems with cw
operation. The RFQ is relatively easy %o bring to full
power. The time needed from a cold start can be as
short as 30 min, but we usually take about ar hour to
minimize thermal-shock effects. This time complements
nicely the time needed to bring the injector to stable
operation. Hence, we can have cw 2-MeV beam on the
beamstop within an hour of a cold start. Our rerent
problems have been due to beam-induced heating and sub-
sequent loss of vacvum in the high-energy beam trans-
port (HEBT) cectinn. The FMIT 2-MeV beam has bzen com-
pared to the "light-saber" from the Star wars movies,
efficiently cutting anything that gets in the way.

Jnstrymentation

Because the beam power 1s so high, we must use
noninterceptive diagnostic instrumentation. The diag-
nostic devices being used have been rather extensively
described in the literature and will only be mentioned
here. The transverse emittance is determined by tomo-
graphic reconstruction from beam profiles obtained at
several different location: along the beamline.® If
the transport matrices relating the profiles are known,
then the beam emittance can be derived. The transverse
beam profiles are obtained by digitizing the 1ight-
intensity profiles emitted by the ionized residual-gas
atoms in the vecuum. Spatially preserving fiber optics
are used to guiae the 1ight onto a linear array of
11ght-sensitive atodes.®* The typical resolution is
130-um/channel, more than adequate for the tomographic
techniques. A typical intensity profile is shown in
Figure 2, and an emittance reconstruction from three
such profiles it shown in Figure 3.

The 2-MeV beam current is derived from beamstop
calorimetry and from an B0-MHz pulse-current monitor
(Pearscn Electronics, Inc., Palo Alto, California).
These curreats can be conparud with the rf power loar-
ing. Beam transmission can be determined from the
ratio of the 2-MeV beam current to the injacted beam
current. The current in the low-energy beam transport
T1ine (LEBT) 13 determined by calorimetiry and by a dc
cuirent transductor.’
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Flg. 2. Typical RFQ 2-MeV beam emittances derived by

tomographic reconstruction from three beam profiles
such ay those shown in Fig, 2.

Tha beam energy and the longitudinal beam-profile
can be derived, respectively, from the time cf flight
between two separated current loops (manufactured by
NTG Nukleartehnick of West Germany} and from the
Fourier transform of the signal from a sing’e loop.
The beam energy from the time loops compares favorably
with values derived from magnetic deflection of the
2-MeV beam. The Fourier deconvolution of the longitu-
dinal profile can, 1in principle, be compared with
values derived from the time width of a gamma-ray peak
produced hy proton capture in & lithium target. These
latter measurements are still in progress.

Resylts

The RFQ beam energy was easily confirmey to be
2 MeV as designed. The other measurements proved to
be more difficult to make. Initial operation of the
cw beam was somewhat short-lived. After ~, h of cw
operation, we lost vacuum in the HEBT line. Becaus-
the fiber-optic diagnostic units had not yet been
delivered, we attempted to characterize the beam by
instaliing a series of 0.25 mm-thick stainles. steel
foils transverse to the beampipe. From the size and
shape of *he holes melted in these foils, we could
derive a crude estimate of the RFQ output emittance
using the tomographic techniques.®.

The 2-MeV melt contour of stainliess stee) corre-
sponds to ~1.3 uyA/cm¢, eight and one haly standard de
viations from the peak for a cw Gaussian 20-mA beam,



Extrapolation from these melt contours provided
Gaussian beam profiles that were used to derive crude
emittance values. From these emittances, it became
clear immediately that there was a substantial differ-
ence between the predicted RFQ output emittance param-
eters and the crudely measured ones. This difference
was responsible for the destruction of a vacuum seal
and the subsequent loss of HEBT vacuum.

following the delivery of the fiber-optic devices,
we were able to derive much better values for the beam
emittance than the foils allowed. Figures 4a and 4b
show a comparison of the theoretical 95% beam fraction
emittance (dashed 1ines) based on measured input beam
and rf fields with the experimentally measured emit-
tances (solid lines). 7The experimental beam matches
the orientation of tne theoretical beam quite well in
the x-x' pilane. However, we observe substantial dif-
ferences in the y-y' plane. The initial beam trans-
port in the MEBT was designed zround the theoretical
beam.
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Fig. 4. Comparison of measured x-x' and y-y' 95% beam
fraction emittance ellip.es with the theoretica) predic-
tions. The dathed ellipies show the expected beam emit-
tancet based on the measured injector beam and rf fieidy.
The 10lia e)lipses show the aversge x-x' and y-y' emit-
tance values from severa) different seasurements.

When the measured emittance profiles were used
with the theoretical HEBT magnet settings in the beam-

transport code TRACE,® the beam was predicted to inter-

cept the beampipe at precisely the Yocation where the
vacuum seal melted. We therefore used TRACE to derive
4 new HLB1 transport solution based on the measured
profiles.

With this new transport solution, we were able to
obtain preliminary measurements of many of the impor-
tant parameters, Figure 5 shows the beam transmission
a5 a function of rf drive power. The curve on the fig-
ure is drawn to guide the eye. Transmission was de-
termined from the ratio of calorimetrically derived

10

o0
o8

o7

TRANSMISSION

Opersiing point

o1 L -

D PR B B B B B A Y

T
'

0.0 L L ] L P R L )
2%0 290 330 370 410

»
L
o

RF URIVE POWER (kW)

Fig. 5. Beam transmission of the RFQ as & functior of rf drive
power with the current in the matching solencid set to 510 A
(see Fig. 6). The cu.ved Vine 15 drawn simply to guide the eye.

LEBT and beamstop currents and is corrected for addi-
tional losses in the LEBT but not in the HEBT. Hence,
these values are lower Vimits. Below 300 kW of rf
power, the beam energy decreases rapidly, resulting in
an increasing portion of the beam outside the energy
acceptance cf the HEBT. HMence, transmission mecsure-
ments are unreliable and difficult to make

The minimum rf power needed to achieve the desired
vane voltage in the RFQ was derived from Fig. 5. The
340-kW value compares favorably with the 325-kW esti-
mate based on the measured Q arJd estimated copper
losses.

Figure 6 shows beam transmission as a function of
the final LEBT solenoid current, basically as a func-
tion of the phase-space match at the low-enerygy end of
the RFQ. Contrary to expectations based on previous
measurements miade without the RFQ in place, the best
transmission was cbtained at 490 A of solenoid current.
The expected best match was at 505 A. These transmis-
sion values are also somewhat lower than the expected
93% value.
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To clear up these discrepancies, we digitized tele-
vision camera framey from a viewport at the low-energy
end of the RFQ. By using three successive scan lines
from the digitizod view, we could obtain beam profiles
and, hence, an emittance reconstruction inside the RFQ



Extrapolation from these melt contours provided
Gaussian beam profiles that were used to derive crude
emittance values. From these emittances, it became
clear Ymmediateiy that there was a substantial differ-
ence between the predicted RFQ output emittance param-
eters and the crudely measured ones. This difference
was responsible for the destruction of a vacuum seal
and the subsequent loss of HEBT vacuum.

Following the delivery of the fiber-optic devices,
we were able to derive much better values for the beam
emittance than the foils allowed. Figures 4a and 4b
show 8 comparison of the theoretical 95% beam fraction
emittance (dashed 1ines) based on measured input beam
and rf fields with the experimentally measured emit-
tances (sol4d 1ines). The experimental beam matches
the orientation of the theoretical tzam quite well in
the x-x' plane. However, we observe substantial) dif-
ferences in the y-y' plane. The initial beam trans-
port in the HEBT was designed around the theoretical
beam.
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When the measured emittance profiles were usec
with the theoretical HEBT magnet settings in the beam-
transport code TRACE,® the beam was predicted to inter-
cept the beampipe at precisely the location where the
vacuum seal melted. We therefore used TRACE to derive
& new HEBT transport solution based on the measured
profiles.

With this new transport solution, we were able to
obtain preliminary measurements of many of the impor-
tant parameters. Figure 5 shows the beam transmission
as & function of rf drive power. The curve on the fig-
ure iy drawn to guide the eye. Tranmmissicn was de-
termined from the ratio of calorimetrically derived
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LEBT and beamstop currents and is corrected for addi-
tional Insses in the LEBT but not in the KEBT. Hence,
these values are lower limits. Below 300 kW of rf
power, the beam energy decreases rapidly, resulting in
an increasing portion of the beam outside the energy
acceptarce of the HEBT. Hence, transmission measure-
ments are unreliable and difficult to make.

The minimum rf pewer needed to achieve the desired
vane voltage in the RFQ was derived from Fig. 5. The
340-kW value compares favorably with the 325-kW esti-
mate based on the measured Q and estimated copper
losses.

Figure 6 shows beam transmission as a function of
the final LEBT solenoid current, basically as a func-
tion of the phase-space match at the low-energy end of
the RFQ. Contrary to expectations based on previous
measurements made without the RFQ in place, the best
transmission was obtained at 490 A of solenoid current.
The expected best maich was at 505 A. These transmis-
sion values are 3lso somewhat lower than the expected
93% value.
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To clear up these discrepancies, we digitized tele-
vision camera frames from a viewport at the low-energy
end of the RFQ. By using three successive scan lines
from the digitized view, we could obtatn beam profiles
and, hence, an emittance reconstruction inside the RFQ



between the end wall and the vanes. These values are
reliable to the extent that the space between the end
wall and the vanes can be approximated by a drift.

We discovered that, at the same point, the experi-
mentally determined emittance ellipse parameters alpha
and beta were substantially different when the RFQ is
in place than when those values were measured previ-
oausiy without the RFQ. 1In fact, the change in both
parameters with 1{ncreasing magnetic field actually
changed sign--increasing with increasing magnetic field
rather than decreasing as one would expect from a
focusing system. 1Inspection of the RFQ end wall re-
vealed that the stainless steel became magnetic some-
time during fabrication and substantially distorts the
wagnetic field in this critical region. When the
matching solenoid was moved 10 cm upstream from the
RFQ end wall, the behavior of the emittance parameters
returned to normal. The transmission peaked above
92% with the solenoid 1in this location. Excessive
LEBT losses prevent satisfactory operation in this
configuraticn.

Figures 7a and 7b show the measured unnormalized
x-x' and y-y' emittances as a function of matching
solenoid current. (These measurements were made before
the discovery of the magnetic end wall.) The two sets
of points in each figure represent the rms contour and
the 95% beam-fraction contour. The error bars are rep-
resentative of the reproducibility of the results for
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Fig. 7. RFQ output emittance as & function of current in the

phate-space matching solenoid magnet. The upper pointy in
esch figure ropretent the unnormalized phasc space area (di-
vided by v) of the 958 beam fraction contour. The lower
points represent the unnormdlized phase-space aredt of the
rmt contour. The arror pars are representative or the
reproducibility of the detes uiing different dats sets

and different background subtraction melhods .

different measursments and for different methods of
subtracting the background (see Fig. 2). If we take
average values for the x- and y-plane emittances and
compare them with injector emittances, measured defore
transport through the LEBT the emittance growth in the
RFQ is 3.925 ¢+ 0.370, compared with the theoretical
value of 2.7 (The 3.9 value should be taken as prelimi-
nary until betler data are obtained). Many effects can
be invoked to explain this value. -Known aberrations in
the 90° analyzing magnet and in the solenoids add to
the effective emittance at the low-energy end. The
previously mentioned magnetic distortion caused by the
RFQ end wall also prevented & good phase-space match

to the RFQ acceptance. Finally, breakup of H3 ions
through collisions with the residual gas in the system
(about 3 yA/m at 20 mA) will add to the halo and will
appear as -mittance growth rather than beam loss be-
cause both beam and b=am dissociation ions provide
light from the {ontzaticn of residual gas atoms.

The dissociation fons could be eliminated by accel-
eration of a pure deuterium beam, but the radiation
hazard would be extreme. In fact, even the 14 ppm of
naturally occuring deuterium produces about 8 mR of
neutrons at the beamstop with our 20-mA beam. We
have distilled some deuterium-free hydrogen gas to
eliminate this hazard for future operations.

During the collection of data for Fig. 5, we noted
that between 375 and 400 kW of rf drive power, the out-
put signal from the BO-MHz current transformer changed
significantly. At lower power levels, the signal
appeared to be an 80-MHz sine wave., However, above
375 kW of drive power this signal abruptly changed
character. The calorime*rically derived beam current
showed no change. Close examination of the beam pro-
files revealed no significant trend with rf power, but
an abrupt change in beam position was noted in both x
and y above 375 kW (Figs. B8a and 8b). With a dipole
field component in the RFQ, one would expect 8 gradual
shifl of beam position with rf power rather than the
abrupt shift seen in Fi7. 8. We are investigating the
possibility that saturation effects in the final-power
rf amplifier may be responsible for this effect.

Without understanding all of these effects, we are
reluctant to try to increase the beam current at this
time, particularly in view of some more recent obser-
vations. The beam halo is slowly eroding the copper
plating at one location inside the small-bnre HEBT sec-
tion. We have tried many different transport solutions
that, according to TRACE, appear to be adequate. How-
ever, many of these solutions have caused melting prob-
lems. 1t does not appear that the core of the beam is
causing the problems, but rather that the beam halo is
responsible. The intensity of the halo 1s relatively
small in comparison with the core of the beam. but 15
intense enough to cause problems by melting vacuum
seals and, in some cases, aluminum and steel beampipes
(remember that the 2-Mev melt contour of uncooled
stainless steel 4s 1.3 uA/cmZ, B.5 standard deviations
for Gaussian Deams). This halo continues to be the
only major problem, particularly in the small-bore
four-magnet section simulating the first drift tubes
of the DTL. Without adequate measurements of the beam
emittance profiles and their sensitivities to such
parameters as injector matching, rf power, and beam
steering, 1t is very difficult tc determine an adequate
beam tune for the HEBT, At the same time, it is
equally difficult to measure these parameters without
an adequate HEBT tune. After many repairs to the
small-bore section, we have decided to temporarily re-
place this section with a larger bore transport system
unt’l we have adequately determined the RFQ output-beam
characteristics and are confident that we can make this
match without excessive risk.
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Conclysions

Achieving c¢w rf operation was the most difficult
task in the 2-MeV program and required some modest mod-
{fications to the RFQ design. However, now we have &
reliable system that can be brought up to full cw oper-
ation within an hour. Initial characterization of the
2-MeV beam has revealed a major discrepancy between the
axpected output beam and the measured beam. None of
the modifications made to the RFQ could have caused
this effect. It 4s difficult to reconcile the fact
that the x-x' phase space 1s close to that expected,
whereas the y-y' phase space i1s not. This asymmatry
has caused some difficulties in the transport of the
2-MeV beam, but we are taking steps to bring this under
control.

The magnetic end wall of the RFJ seriously affects
the matching of the beam into the RFQ and, hence, the
transmission ¢fficiency. We are investigating the best
method, short of total replacement of the end wall, to
circumvent this probleam., By examination of Fig. 7, we
see that the RFQ appears to act as a filter, transport-
ing only that portion of the injected beam within the
acceptance envelope of the device. This filtering

effect is why the output emittance i1s relatively inde-
pendent of the input beam. Hence, asymmetries 1in
the LEBT, either 1n beam emittance or aberrations, are
washed out by the end of the RFQ. Therefore, it is
difficult to find an explanation in the LEBY for the
discrepancy in the output y-y' beam emittance. The
only obvicus asymmetry in the entire structure that
could account for this difference is the interaction
of the vane ends with the high-energy end wall. The
opposing vanes that end in a peak (rather than a
valley) have 1ittle additional effect from the exit
aperture. The vares that end in a valley, however,
could interact with the exit aperture to form an addi-
tional half cell, This effect could be responsible
for the additional focusing observed in the y-y' phase
space, so that the output beams are no longer mi; ror
images of each other. The asymmetric ‘output emittance
obs.rved has & substantial impact on the matching in%t»
and subsequent acceleration by a DTL, and the source
of this discrepancy must be identified.

As mentioned previously, the beam halo continues
io be the only major problem. Temporary replacement
of the D7L matching section with a larger bore beam-
pipe will allow us to study the RFQ output beam more
thoroughly without continuing to melt beampipes and
vacuum seals. The sources of the halo are most likely
from (a) an injector beam that is about 50% larger than
the RFQ design value, (b) known aberrations in the ana-
ly2ing magnet and solenoids, and (c) H§ dissociation.
Replacement of the ion source with one recently devel-
opaed at Berkeley® would allow brighter beams to be pro-
duced. These beams wnuld also use less of the solenoid
aperture and, hence, would have less aberration-induced
effective emittance growth. We have also discovered
methods for reducing the inherent solenoid aberrations
by staping both the steel and the solenoid coils.t©

None of these items can be completed within the
time scale allowed by the present funding situation.
Unless additional funding is forthcoming, we will te
forced to hut down the program at the and of the
fiscal year. «e are pursuing a course of action that
enables us to obtain as much information as possible
before then. We feel it is imperative to reach tne
100-mA goal before that time and tc understand not
only the source of the halo and of the emittance dis-
crepancy, but to arrive at solutions for these problems
8s well.
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